A first assessment of the 2018 European drought impact on ecosystem evapotranspiration by Ahmed, Kazi Rifat et al.








A first assessment of the 2018 European drought impact on ecosystem
evapotranspiration
Ahmed, Kazi Rifat ; Paul-Limoges, Eugénie ; Rascher, Uwe ; Damm, Alexander
Abstract: The combined heatwave and drought in 2018 notably affected the state and functioning of
European ecosystems. The severity and distribution of this extreme event across ecosystem types and its
possible implication on ecosystem water fluxes are still poorly understood. This study estimates spatio-
temporal changes in evapotranspiration (ET) during the 2018 drought and heatwave and assesses how
these changes are distributed in European ecosystems along climatic gradients. We used the ET eight-
day composite product from the MODerate Resolution Imaging Spectroradiometer (MODIS) together
with meteorological data from the European Centre for Medium-Range Weather Forecasts (ECMWF
ERA5). Our results indicate that ecosystem ET was strongly reduced (up to −50% compared to a 10-
year reference period) in areas with extreme anomalies in surface air temperature (Tsa) and precipitation
(P) in central, northern, eastern, and western Europe. Northern and Eastern Europe had prolonged
anomalies of up to seven months with extreme intensities (relative and absolute) of Tsa, P, and ET.
Particularly, agricultural areas, mixed natural vegetation, and non-irrigated agricultural areas were the
most affected by the increased temperatures in northern Europe. Our results show contrasting drought
impacts on ecosystem ET between the North and South of Europe as well as on ecosystem types.
DOI: https://doi.org/10.3390/rs13010016






The following work is licensed under a Creative Commons: Attribution 4.0 International (CC BY 4.0)
License.
Originally published at:
Ahmed, Kazi Rifat; Paul-Limoges, Eugénie; Rascher, Uwe; Damm, Alexander (2021). A first assessment







Remote Sens. 2021, 13, 16. https://doi.org/10.3390/rs13010016 www.mdpi.com/journal/remotesensing 
Article 
A First Assessment of the 2018 European Drought Impact  
on Ecosystem Evapotranspiration 
Kazi Rifat Ahmed 1,*, Eugénie Paul-Limoges 1, Uwe Rascher 2 and Alexander Damm 1,3 
1 Department of Geography, University of Zurich, Winterthurerstrasse 190, 8057 Zurich, Switzerland;  
eugenie.paul-limoges@geo.uzh.ch (E.P.-L.); alexander.damm@geo.uzh.ch (A.D.) 
2 Plant Science (IBG-2), Institute of Bio- and Geosciences, Forschungszentrum Jülich, Leo-Brandt-Str,  
52425 Jülich, Germany; u.rascher@fz-juelich.de 
3 Swiss Federal Institute of Aquatic Science and Technology, Surface Waters—Research and Management, 
Überlandstrasse 133, 8600 Dübendorf, Switzerland 
* Correspondence: rifat.ahmed@geo.uzh.ch 
Abstract: The combined heatwave and drought in 2018 notably affected the state and functioning 
of European ecosystems. The severity and distribution of this extreme event across ecosystem types 
and its possible implication on ecosystem water fluxes are still poorly understood. This study esti-
mates spatio-temporal changes in evapotranspiration (ET) during the 2018 drought and heatwave 
and assesses how these changes are distributed in European ecosystems along climatic gradients. 
We used the ET eight-day composite product from the MODerate Resolution Imaging Spectroradi-
ometer (MODIS) together with meteorological data from the European Centre for Medium-Range 
Weather Forecasts (ECMWF ERA5). Our results indicate that ecosystem ET was strongly reduced 
(up to −50% compared to a 10-year reference period) in areas with extreme anomalies in surface air 
temperature (Tsa) and precipitation (P) in central, northern, eastern, and western Europe. Northern 
and Eastern Europe had prolonged anomalies of up to seven months with extreme intensities (rel-
ative and absolute) of Tsa, P, and ET. Particularly, agricultural areas, mixed natural vegetation, and 
non-irrigated agricultural areas were the most affected by the increased temperatures in northern 
Europe. Our results show contrasting drought impacts on ecosystem ET between the North and 
South of Europe as well as on ecosystem types. 
Keywords: European drought; European heat-wave; European ecosystems; evapotranspiration 
anomalies; MODIS evapotranspiration; precipitation; temperature 
 
1. Introduction 
Extreme climate events can substantially alter the state and integrity of ecosystems. 
Particularly the increased frequency and duration of such events (i.e., droughts and heat-
waves) substantially impact energy and water fluxes in ecosystems [1,2] and cause vari-
ous feedbacks between the atmosphere and the biosphere [3,4]. A recent example is the 
combined European drought and heatwave of 2018 that severely affected European eco-
systems, caused severe damages and substantially altered the functioning of these eco-
systems [5,6]. This extreme event has been characterized as exceptionally warm, espe-
cially around its epicenter in northern and central Europe [7]. Detailed knowledge of un-
derlying mechanisms and feedbacks is pivotal to understand causes of resulting ecosys-
tem alterations and to assess future trajectories of ecosystems in the context of ongoing 
environmental change.  
Evapotranspiration (ET) is defined as one of the main environmental variables for 
determining the response of the terrestrial biosphere to extreme climate events [3,8]. Re-
cent studies reported a decline in ET in the past decades and observed some substantial 
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feedback with increasing temperature and drought [9,10]. These complex interplays de-
pend on regional climatic variability and ecosystem conditions [10,11]. Other studies in-
dicated changing ET pattern due to climate change and related drought events [1,12–15], 
having substantial implications for food security and water resource management world-
wide [16]. As an example, the 2003 European drought reduced gross primary production 
(GPP) by approximately 20%, representing a direct plant physiological response to 
drought stress [17]. This study also showed that during the 2003 drought, especially soil 
drought together with a high vapor pressure deficit (VPD) determined stomatal closure 
and reduced GPP and ET [2]. Another study indicated that under extreme soil drought, 
both ET and GPP decreased with increasing VPD, while ET and GPP were linked non-
linearly and changed simultaneously [18]. Consequently, assessing spatio-temporal pat-
terns of drought caused ET dynamics is essential to advance in-depth understanding on 
the impact of extreme events on ecosystem ET, and thus the state and functioning of eco-
systems. 
The underlying complexity of ET and many interwoven relations between ET and 
other ecosystem processes and properties, however, challenges the assessment of 
drought-induced ET changes. A drought is defined by the change of multiple variables, 
e.g., surface air temperature (Tsa) [19–21], precipitation (P) [19,20,22,23], soil moisture [24], 
water storage [25], and surface and subsurface runoff [25]. These variables also ultimately 
influence ET at different spatio-temporal scales [21,26–28]. This explains why changes in 
ET have been used for the identification of droughts [24]. Since the determinants for 
drought and ET are closely linked, care must be taken to assess the impact of drought on 
ET [24,25]. Previous studies highlighted P as the main driver for droughts [29], while the 
combination of P and Tsa are suggested as the main drivers for events comprising a 
drought and a heatwave. Feedbacks between ET and local meteorology can also intensify 
droughts [30]. In addition to water availability, energy and atmospheric constraints, ET 
additionally depends on several plant physiological responses and other surface proper-
ties. Therefore, drought caused ET changes are complex phenomenon that largely depend 
on the underlying ecosystem and vegetation type [31,32].  
The aim of this study is to quantify the impact of the combined drought and heat-
wave in 2018 on ecosystem ET, and to assess how these changes are distributed in differ-
ent ecosystem types along climatic gradients in Europe. We used established globally 
available ET estimates (i.e., the MODerate Resolution Imaging Spectroradiometer 
(MODIS) global eight-day composite), and Tsa and P meteorological fields (i.e., European 
Centre for Medium-Range Weather Forecasts, ECMWF ERA5 data). We combined these 
data and a mechanistic data modeling approach (a) to quantify characteristics of the com-
bined heatwave and drought in Europe in 2018, (b) to assess spatio-temporal ET anoma-
lies during the extreme year 2018 compared to a reference period from 2007 to 2017, (c) to 
estimate the impact of the meteorological drivers on ET anomalies, and (d) to quantify 
drought caused ecosystem specific ET anomalies in selected regions. 
2. Materials and Methods 
2.1. Study Area 
The study area spans Europe (Figure 1) and covers different ecosystems, including 
croplands, mixed agricultural lands, grasslands, wetlands, and forests. The study area co-
vers a range of environmental and climatic conditions, from higher Alpine to lower sea 
coast, and includes temperate, tundra, boreal, sub-tropical, and Mediterranean climates. 
These different climates and vegetation ecosystems facilitate a throughout assessment of 
ET dynamics induced by the 2018 extreme event. 
 




Figure 1. Map of the study area with six different vegetation types—agriculture (AG), forest (FR), 
inland marsh (IM), mixed natural vegetation (MNV), non-irrigated arable land (NIA), and peat 
bog vegetation (PB). Vegetation classes are derived from the CORINE Land Cover data set (CLC 
2018), Land Monitoring Service, Copernicus Program (https://land.copernicus.eu/pan-euro-
pean/corine-land-cover/clc2018). The white border indicates the study area. Background image 
source: Esri, DigitalGlobe, GeoEye, Earthstar Geographics, CNES/Airbus DS, USDA, USGS, Aer-
oGRID, IGN, and the GIS User Community. 
2.2. Data 
2.2.1. Evapotranspiration and Meteorological Data  
We used the MODIS global 8-day composites of total daily potential ET (MOD16A2 
version 6) with 500 m pixel resolution [33,34]. The used MODIS-ET product version is 
based on the algorithm described in [34] and relies on the Penman–Monteith modeling 
framework [35,36] with advanced calculations of daytime and nighttime ET, vegetation 
cover fraction, stomatal conductance, aerodynamic conductance, boundary layer re-
sistance, soil heat flux, dry and wet surface fraction, and saturated and wet soil surface 
[34]. The performance of the algorithm has been previously validated and tested with data 
from AmeriFlux eddy covariance towers [34].  
Additionally, we used two meteorological variables, including total P (in m), and Tsa 
measured at 2 m above ground (in K). P and Tsa data were collected from ECMWF ERA5 
hourly data on single levels with 0.25o×0.25o spatial resolution (C3S ERA5: https://cds.cli-
mate.copernicus.eu/cdsapp#!/dataset/reanalysis-era5-single-levels?tab=overview).  
2.2.2. Land Cover Data 
We used the CORINE Land Cover data set (CLC 2018) of the Land Monitoring Ser-
vice by Copernicus Programme (https://land.copernicus.eu/pan-european/corine-land-
cover/clc2018) to enable an assessment of ET changes in specific vegetation ecosystems. 
The spatial resolution of the CLC 2018 data is 10 m with a thematic accuracy of larger than 
85%. The CLC map was obtained as a shapefile from the European Copernicus program 
(https://land.copernicus.eu/pan-european/corine-land-cover) and converted into a raster 
file format to eventually mask different vegetation ecosystems in the study area.  
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2.3. Data Processing and Analysis 
The retrieval of co-registered monthly averages of MODIS ET and meteorological 
data for 2018 and a 10-year reference period was done in the Google Earth Engine (GEE) 
application programming interface (API). The GEE API was used under a free open source 
license and offered a cloud-based data analytics infrastructure. A detailed description of 
GEE analytical infrastructure can be found in [37]. The GEE API facilitates the efficient 
processing of big satellite data and offers extensive processing capabilities and computa-
tional robustness in terms of large volume data analysis. All other analytical steps and the 
visualization of results was done using Python (version 3.7), particularly ipython [38]. The 
complete processing code is based on different Python libraries and APIs, i.e., scipy [39], 
numpy [40], pandas [41], matplotlib [42], and rasterio api (https://ras-
terio.readthedocs.io/en/latest/intro.html). 
2.4. Calculation of Anomalies Per Month 
We calculated monthly ET, P, or Tsa anomalies (∆𝑉𝑉𝑚𝑚, V represents ET, P, or Tsa, re-
spectively) in 2018 as the normalized difference of monthly data in the drought year 2018 
(𝑉𝑉2018,𝑚𝑚) and the reference period spanning 2007–2017 (𝑉𝑉𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚,𝑚𝑚):  ∆𝑉𝑉𝑚𝑚 =  𝑉𝑉2018,𝑚𝑚 −  𝑉𝑉𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚,𝑚𝑚𝑉𝑉𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚,𝑚𝑚  × 100% (1) 
2.5. Method for Identifying Onset, Length, and Intensity of the Drought 
Monthly anomaly maps between April and October are further used to quantify ET 
responses and drought characteristics in terms of onset, length, and intensity. The onset 
was defined as the first month with negative (for ET and P) and positive (for Tsa) anomalies 
(i.e., the first month of the anomaly time series corresponds to April, the last to October). 
The length represents the number of months with negative anomalies for ET and P, and 
positive anomalies for Tsa. We calculated the seasonal cumulated anomaly as absolute in-
tensity (Ia) and relative intensity (Ir) for ET, P, and Tsa. Ia represents the seasonal sum of 
differences between monthly anomalies in 2018 (∆2018,𝑚𝑚) and the reference period (2007 
to 2017) (∆𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚,𝑚𝑚) in physical units as 𝐼𝐼𝑚𝑚 = ∑ �∆2018,𝑚𝑚 − ∆𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚,𝑚𝑚�7𝑚𝑚=1 , (2) 
Ir, expressed as unit less fraction, was calculated as the ratio of Ia (Equation (2)) and the 
seasonal sum of the monthly anomalies of the reference period as 𝐼𝐼𝑟𝑟 = ∑ �∆2018,𝑚𝑚−∆𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚,𝑚𝑚�7𝑚𝑚=1∑ �∆𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚,𝑚𝑚�7𝑚𝑚=1 , (3) 
2.6. Statistical Methods 
We provide a detailed analysis of ET, Tsa, and P changes across six contrasting regions 
in Europe by calculating descriptive statistics (i.e., mean, standard deviation) of monthly 
variables. The definition of the six different regions was based on contrasting drought 
characteristics in terms of onset, length, intensities, and the onset difference between ET 
and meteorological variables. The drought characteristics per region were classified into 
an ordinal scale. The ordinal scale was calculated by i) normalizing all drought character-
istics between 0 to 1 and ii) replacing the value range with an ordinal scale according to 
the definition of each drought characteristic (Table 1). The normalization was based on 
the following equation:  𝑁𝑁(𝑚𝑚,𝑏𝑏) = [𝑚𝑚−𝑏𝑏]𝐿𝐿 , (4) 
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where 𝑁𝑁(𝑚𝑚,𝑏𝑏) is the normalized value between a (i.e., the maximum value of a drought 
characteristic of a specific region) and b (i.e., the minimum value of a drought character-
istic of a specific region). L is the maximum value of a particular drought characteristic 
among all regions. Monthly anomalies of ET, Tsa, and P are extracted for each of the se-
lected regions and stratified into six vegetation types, i.e., agriculture (AG), forest (FR), 
inland marshes (IM), mixed natural vegetation (MNV), non-irrigated arable land (NIA), 
and peat bogs vegetation (PB).  
Table 1. Relation of normalized value ranges and ordinal scale of drought characteristics. 
Normalized Value 
Range 
Ordinal Scale of Drought Characteristics 
Intensity Onset Length Onset Difference 
0.00 to 0.20 Low Early emergence in April–May Short ≤ 2 months Early ET onset ~= −4 months 
0.21 to 0.40 Medium Emergence in May–June Moderate ~= 3 months Early ET onset ~= −2 months 
0.41 to 0.60 Moderate Emergence in June–July Moderate ~= 4 months Onset difference onset ± 1 month 
0.61 to 0.80 High Emergence in July–Aug Moderate ~= 5 months Late ET onset ~=2 months 
0.81 to 1.00 Extreme Late Emergence in Sept–Oct Long ≥ 6 months Late ET onset ~=4 months 
3. Results 
3.1. Characteristics of the Combined Heatwave and Drought in 2018  
Monthly Tsa and P anomalies related to Europe’s combined drought and heatwave in 
2018 were used to characterize this extreme event in terms of onset, length, and absolute 
and relative intensities (Figure 2). Positive monthly Tsa anomalies appeared over central 
and eastern Europe in April, while the rest of the continent showed an onset of positive 
Tsa anomalies in May. The drought, expressed as negative P anomalies, started in early 
April in northern, central, and eastern Europe (Figure 2a). A notable exception is the Ibe-
rian Peninsula, with a much later arrival of the P anomaly between June to August (right 
of Figure 2a).  
The Tsa duration mirrors the onset pattern with central and eastern Europe suffering 
up to seven months, and northern and western Europe up to six months (left of Figure 
2b). The length of negative P anomalies was more diverse with longest durations (of up 
to seven months) in central Europe, moderate durations (four to five months) in South-
East and North-West Europe as well as the southern part of Scandinavia, and short dura-
tions (one to three months) far North of Europe and south of the Alps. Exceptions are 
southern Europe with negative P anomalies lasting only up to three months and northern 
Europe with negative P and positive Tsa anomalies with lengths between one to three 
months (right of Figure 2b).  
Seasonal anomalies (i.e., calculated as absolute and relative intensities compared to 
the reference period) were most severe in central Europe. This central region was affected 
most by increased Tsa (cumulated Tsa anomaly of up to 60 °C or 90% increase) and P deficits 
(up to −550 mm or −70%) for the seven months’ time period per pixel (Figure 2c,d). The 
distribution of absolute Tsa intensities showed that particularly eastern and central Europe 
were affected with cumulated Tsa anomalies between 39 and 60 °C (Figure 2c) and relative 
cumulated Tsa intensities between 60% to more than 100% (Figure 2d). The heatwave was 
less pronounced in western Europe and over the Iberian Peninsula with cumulated Tsa 
anomalies ranging from 10 to 27 °C (Figure 2c) or 6% to 41% (Figure 2d). Pattern of the 
absolute P intensity showed substantial reductions of P in central Europe (−550 to −110 
mm) and some parts of the Balkan Peninsula (−550 to −230 mm) (right of Figure 2c), cor-
responding to relative P intensities of −70% to −18% (right of Figure 2d). In contrast, sub-
stantially increased absolute P anomalies were observed in the far North of the Scandina-
vian Peninsula and some parts of southern Europe and South of the Alps (up to 600 mm 
or 23% to 80%) (right of Figure 2c,d). 
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Overall, duration and intensity assessments of Tsa and P clearly illustrated a border 
between the dryer and wetter parts of Europe in 2018. The increased Tsa most affected 
eastern Europe along the full latitudinal gradient and particularly central Europe. Central 
Europe and the South of Scandinavia were additionally affected by a severe and pro-
longed drought (up to seven months), resulting in a substantial stress potential for eco-
systems. The Iberian Peninsula and other regions South of the Alps showed contrasting 
pattern with low Tsa anomalies and more P compared to the reference period. 
 
Figure 2. Characteristics of the Europe’s combined drought and heatwave in 2018. (a) Onset, (b) 
length, (c) absolute intensity and (d) relative intensity of surface air temperature (Tsa) and precipi-
tation (P) anomalies in 2018. 
3.2. Spatio-temporal Evaluation of Evapotranspiration Anomalies  
A seasonal perspective on ET anomalies indicated significantly reduced ET fluxes, 
particularly in northern Europe, compared to southern Europe with a clear border along 
the Alps. Starting in April (Figure 3a), ET in most parts of Europe was close to its long-
term baseline, with some areas in central and eastern Europe showing higher than normal 
ET, possibly linked to warm spring conditions (Figure 2). Few exceptions are visible in the 
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North of the United Kingdom, in the South of the Balkan Peninsula, and in the part of the 
Iberian Peninsula with reduced ET (between −11% and −47%). In May (Figure 3b), nega-
tive ET anomalies in the South of the Balkan Peninsula became smaller, while negative ET 
anomalies now appeared in the North of the Iberian Peninsula and some areas in North-
West Europe (−7 to −45% ET). Most areas in eastern and northern Europe and parts of the 
Iberian Peninsula showed positive ET anomalies (up to 66%).  
 
Figure 3. Evapotranspiration (ET) anomalies. Individual ET anomaly maps, from (a–g), show the 
normalized difference in percent between monthly mean ET for April to October 2018 (drought) 
compared to the reference monthly ET for April to October averaged between 2007 and 2017 (no 
drought). The maps are calculated from the MODerate Resolution Imaging Spectroradiometer 
(MODIS) MOD16A2 version 6 Total ET product. White-colored areas are either no-data or non-
vegetation pixels. 
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June 2018 marked the onset of a substantial ET anomaly across central Europe. The 
development started in eastern Europe (Figure 3c), where ET anomalies became more 
negative over vast areas from North-East to South-East Europe (−1 to −62%). At the same 
time, West and North-West Europe developed a positive ET anomaly, while the Iberian 
Peninsula showed increased ET fluxes compared to the long-term reference of up to 70%. 
In July, the ET anomaly moved towards West and arrived over central Europe (Figure 3d). 
Central Europe showed reduced ET values between −1 and −70%. The South of Europe 
still had positive ET fluxes (up to +65 % over the Iberian Peninsula), while smaller but 
positive ET anomalies were observed in Scandinavia and over the Balkan Peninsula. In 
August (Figure 3e), substantial negative ET anomalies manifested in central Europe and 
approached northern and western Europe. In central Europe and North of the Alps, ET 
reduced down to −70%. In southern and South-East Europe, positive ET anomalies (up to 
70%) were found.  
In September, negative ET anomalies (from −3% to −70%) persisted over central and 
western Europe, in parts of Scandinavia, and developed in parts of the Iberian South-West 
Peninsula (Figure 3f). The remaining parts of southern Europe and areas in the West of 
Europe developed a positive ET anomaly (up to 70%). In October (Figure 3g), the substan-
tial negative ET anomaly slightly diminished from central Europe and appeared patchy 
across southern Europe with hot spots on the Balkan Peninsula −9% to −56%, parts of 
Scandinavia and South-West Europe (up to −59%). 
3.3. Impact of Meteorological Driver Dynamics on Evapotranspiration Anomalies 
We further analyzed observed ET anomaly patterns to unravel characteristics of the 
functional ecosystem response to Tsa and P dynamics. The early onset of negative ET 
anomalies (Figure 4a) started in southern Europe in April. Eastern Europe was affected 
by negative ET anomalies from May and June onwards. The results indicated a resilience 
of the ecosystems of 1–2 months compared to the onsets of Tsa and P anomalies (Figure 
2a,b). Negative ET anomalies then moved towards western Europe in July and then north-
ern Europe in August. The center of the Iberian Peninsula also showed a relatively late 
onset of a negative ET anomaly. Remarkably, the southern part of the Balkan Peninsula 
and the southwestern part of the Iberian Peninsula had the latest negative ET anomalies 
in October. The length of negative ET anomalies (Figure 4b) indicate that central Europe 
was longest affected (up to six months), while southern and northern Europe only short 
term (up to two months). An exception was a small area in the western part of the Iberian 
Peninsula, with the most extended negative ET anomaly (up to seven months).  
Both absolute and relative intensities (Figure 4c,d) indicate most negative seasonal 
ET anomalies in central Europe (−400 mm or −50%). Northern Europe, the North of Scan-
dinavia, eastern, and western Europe had moderate seasonal and patchy anomalies sum-
ming to values between −106 and 270 mm or −17 and 36%). Southern Europe, particularly 
the Iberian and Balkan Peninsula, showed more positive seasonal ET anomalies (up to 500 
mm or 60%) compared to other parts in Europe.  
Since a delayed response in ET to environmental extremes is possible, we estimated 
the delays in the onset of ET compared to the onset of Tsa (Figure 4e) and P (Figure 4f). 
Compared to the onset of Tsa, ET onset delays increased from southwestern Europe (Ibe-
rian Peninsula) with delays between minus one to one month, to central Europe (two 
months) to eastern Europe (dominated by a delay of three months). The most prolonged 
delays of four months can be found in northern Europe, particularly Scandinavia, and in 
a small area of the Iberian Peninsula (Figure 4e). A similar spatio-temporal pattern can be 
found when comparing the onset of P and ET (Figure 4f). Exceptions are a more pro-
nounced stratification with negative delays in the Iberian Peninsula and some areas in 
northern Europe that showed a longer delay (three to four months) between P and ET 
onset compared to the delay between Tsa and ET onset. 




Figure 4. Characteristics of ecosystem response, represented as evapotranspiration (ET), to the 
extreme event. (a) Onset, (b) length, (c) absolute intensity, and (d) relative intensity of ET anoma-
lies in 2018, and (e) difference between the onset of ET and surface air temperature (Tsa), and (f) 
difference between the onset of ET and precipitation (P). 
3.4. Ecosystem Specific ET Responses to the 2018 Drought 
Detailed analysis of ET, Tsa, and P anomaly patterns and their characteristics indi-
cated contrasting regions across Europe that were differently affected by the combined 
meteorological extreme event in 2018. An integrative visual representation of absolute in-
tensities of Tsa and P (driver) and ET (ecosystem response) (Figure 5) was used to visualize 
the level of coherence between drought impact and ecosystem response. Based on this 
representation, six contrasting regions distributed across Europe were selected for further 
analysis. An overview of Tsa, P, and ET characteristics during the extreme event for the six 
selected regions is presented in Table 2. 




Figure 5. Comparative analysis of evapotranspiration (ET), surface air temperature (Tsa) and pre-
cipitation (P) anomaly pattern during the combined drought and heat wave in 2018. The black 
boundaries indicate contrasting regions of interest for further analysis. The base map is a false 
color composite, while Red-Green-Blue indicate absolute intensities of Tsa, ET, and P, respectively. 
Table 2. Overview of drought characteristics for surface air temperature (Tsa), precipitation (P), and evapotranspiration 
(ET) for six selected regions distributed across Europe. 
 Region1 Region2 Region3 Region4 Region5 Region6 
Onset 
Tsa             
P             
ET             
Length 
Tsa             
P             
ET             
Intensity (Absolute) 
Tsa             
P             
ET             
Intensity (Relative) 
Tsa             
P             
ET             
Onset difference ET-Tsa             
Onset difference ET-P             
Ordinal scale for Onset, length, Intensity, and Onset difference 
Intensity Onset Length Onset difference 
  Low   Early emergence in April–May   Short ≤ 2 months   Early ET onset ~= −4 months 
  Medium   Emergence in May–June   Moderate ~= 3 months   Early ET onset ~= −2 months 
  Moderate   Emergence in June–July   Moderate ~= 4 months   Onset difference onset ± 1 month 
  High   Emergence in July–Aug   Moderate ~= 5 months   Late ET onset ~= 2 months 
  Extreme   Late Emergence in Sept–Oct   Long ≥ 6 months   Late ET onset ~= 4 months 
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Region 1 is located in the Iberian Peninsula and represents a reference area with only 
a slight Tsa stress and a moderate P deficit (Figure 6a). The changes in monthly mean 
anomalies (Figure 6a) showed that, except for MNV and NIA, ET anomalies did not have 
negative values for all vegetation types from April to October, but rather positive values. 
MNV and NIA had negative ET anomalies only in September. Positive ET anomalies for 
all vegetation types increased from April (10% to 23%) to July (52% to 64%) and then de-
creased towards October (5% to 27%). An exception occurred in September for MNV and 
NIA vegetation types with a negative anomaly (MNV: −7%, NIA: −6%) and FR vegetation 
with a 0% anomaly. The monthly mean Tsa anomalies for region 1 showed a gradual in-
crease from April (−9%) to August (56%) and then decreased until October (2%). The 
monthly P anomalies for region 1 showed the opposite of Tsa and ET anomalies with a 
gradual decrease from April (78%) to July (−79%) and a sharp increase until October (77%). 
Overall, ET anomalies for the six vegetation types and monthly mean Tsa anomalies had 
similar increasing and decreasing patterns. Comparing all anomalies, it becomes clear that 
region 1 was drier and warmer than the reference period (2007 to 2017) in terms of mete-
orological variables, but in terms of ET, region 1 was less affected by the extreme event. 
Region 2 is located in southern Europe and is also a reference region with only a 
moderate Tsa stress and a low P deficit (Figure 6b). ET anomalies in this region were con-
stantly above zero and increased for six vegetation types from April (2% to 14%) to June 
(17% to 50%). ET anomalies decreased in July (12% to 29%), then increased until Septem-
ber (30% to 34%) and decreased again in October (17% to 22%). An exception was NIA, 
with exceptionally higher ET values from May to August compared to other vegetation 
types. Monthly mean Tsa anomalies showed a gradual increase from April (−3%) to July 
(69%) and then a decrease until October (1%), while monthly mean P anomalies showed 
a decrease from April (80%) to July (−24%). The sharp decrease in the P anomaly in July 
was linked to a decrease of ET anomalies of about 20%. From July, P anomalies increased 
in August (5%), decreased in September (−9%) and sharply increased again in October 
(80%). Overall, region 2 was slightly dryer and warmer in 2018 compared to the reference 
period but wetter than region 1. ET was almost not affected by the extreme event, and 
even showed larger values compared to the reference period. 
Region 3 is located in central-western Europe and represents one of the most 
drought-affected areas, while the heat-wave was less impacting compared to other re-
gions further East (Figure 6c). ET anomalies for the six vegetation types showed a gradual 
decrease from April (17% to 23%) to July (−23% to 4%). From July until September ET 
anomalies were negative for most vegetation types and increased towards October (19% 
to 35%). An exception was FR, with slightly positive ET values in July and September. PB 
and FR showed exceptionally higher positive ET anomalies in October among the six veg-
etation types. The monthly mean Tsa anomalies for region 3 had no negative values but 
showed a seasonal behavior with low values in spring, high values in summer, and low 
values in autumn. The monthly mean Tsa anomaly gradually increased from April (21%) 
to July (99%) and then slightly decreased in August (95%). From August onwards, the 
anomaly decreased till October (19%). The monthly mean P anomaly decreased from 
April to October starting in April with a positive anomaly (17%) and then turned negative 
from May (−10%) to October (−41%) with largest reductions in July (−60%). Overall region 
3 experienced a significant reduction in water inputs to ecosystems in 2018, which intro-
duced considerable water shortage and impacted ecosystem ET.  
Region 4 is located in central Europe and represents the hot spot of the drought and 
heatwave (Figure 6d). ET anomalies for six vegetation types in region 4 showed a decrease 
from April (21% to 30%) to August (−5% to −32%) and then increased until October (7% to 
37%). Exceptions were FR and PB in June, and FR, IM, and PB in September with positive 
values. Another exception was FR, with substantially higher positive ET values in October 
compared to the other vegetation types. The monthly mean Tsa anomaly showed no neg-
ative values, increased from April (56%) to May (95%) and then continued with highest 
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values until August (99%). From August onwards, the monthly mean Tsa anomaly de-
creased till October (29%). Monthly mean P anomaly for region 4 were almost continu-
ously negative ranging from 1% in May to −55% in October. Overall, neither Tsa nor P 
illustrated seasonal trends in changing anomalies. However, both meteorological varia-
bles showed severe dryness with continuous high Tsa and reduced P from May to Septem-
ber. The results indicate an extreme drought and heatwave, imposing a considerable re-
duction in ecosystem ET in 2018 compared to the reference period. The significant nega-
tive anomalies of P and ET, positive anomalies of Tsa, indicated that region 4 was driest 
among all regions.  
Region 5 is located in eastern Europe and represents an area strongly affected by the 
heatwave and comparably less by P deficit (Figure 6e). ET anomalies for six vegetation 
types were lowest in June (2% to −17%), July (1% to 13%), and August (0% to 7%). Only in 
June, except for PB and IM, all vegetation types had negative ET anomalies. In all other 
months, ET showed no negative anomaly. The monthly mean Tsa anomaly showed no 
negative values but continuously high values from May (95%) to August (99%), identical 
to region 4. The Tsa anomaly was less severe in April (50%) and October (18%). The 
monthly mean P anomaly had considerable negative values from April (−34%) to October 
(−8%); one exception was July with exceptionally positive values (98%). Tsa and P showed 
a clear indication of overall raised heat into the environment and reduced water inputs in 
ecosystems. The results showed that during the 2018 summer, ecosystem ET of region 5 
was affected by dryness and excessive heat with a peak ET reduction in summer.  
Region 6 is located in the North of Europe on the Scandinavian Peninsula and repre-
sents, as region 5, another area affected by Tsa as dominating driver (Figure 6f). The ET 
anomalies for six different vegetation types increased from April (9% to 14%) to May (27% 
to 48%) and then decreased to June (−2% to 15%) until August (−15% to −5%). NIA was an 
exception in June with negative ET anomalies compared to other vegetation types. From 
September onwards, ET anomalies for all vegetation types were again positive reaching 
values between 22% to 29% in October. Tsa anomalies sharply increased from April (−8%) 
to May (98%), then stayed at very high values until September (96%) and dropped in Oc-
tober (21%). Monthly mean P anomalies showed more variation than Tsa anomalies. The 
anomalies started negative in April and May (−31% to −58%), then increased in June 
(−10%) and decreased in July (−34%). In August, the P anomaly sharply increased (58%) 
and dropped in towards October (−20%). Overall, ET was most reduced in summer (June 
to August), similar as in region 5. Both meteorological anomalies had significant negative 
and positive values, determining region 6 in 2018 as drier and warmer compared to the 
reference period. 




Figure 6. Changes in mean monthly ET anomalies (bar plots) for six different vegetation types 
[agriculture (AG), forest (FR), inland marshes (IM), mixed natural vegetation (MNV), and non-
irrigated arable land (NIA), and peat bog vegetation (PB)], surface air temperature (Tsa) (red line), 
and precipitation (P) (blue line). Panels (a–f) represent regions 1–6. Both primary and secondary Y-
axis are independently scaled for each region. 
4. Discussion 
4.1. Considerations on Observed Drought Impact on Ecosystem Evapotranspiration 
The combined drought and heatwave in 2018 had a substantial impact on the func-
tioning of European ecosystems in general and on ET fluxes in particular. This finding 
agrees with recent studies, indicating that the drought in 2018 was even more severe than 
the drought that occurred in 2003 [43]. Our results showed that this combined climate 
event in 2018 emerged from northern and eastern Europe and continued to central and 
western Europe, and parts of southern Europe. Particularly the months of June to August 
2018 were driest and hottest for most of central, northern, eastern, and western Europe, 
while climate reports also associated these months with anomalous weather conditions in 
most of the northern hemisphere, reaching in average 1.3°C higher Tsa in northern and 
central Europe compared to a reference period [44] We also observed a very long (up to 
seven months) and severe drought mostly in central, eastern, northern, and western Eu-
rope in 2018 compared to the reference period (from 2007 to 2017), while the South and 
southern Europe experienced a shorter and less severe drought (c.f. Figure 2b–d; Figure 
4b–d). This is in agreement with a recent study stating that northern and central Europe, 
including the United Kingdom and Scandinavia, was the epicenter of the 2018 European 
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drought, while southern Europe was colder and wetter in 2018 compared to the reference 
period [7]. This particular drought situation in 2018 can be related to a rare atmospheric 
synoptic situation, land-atmosphere interactions [45–47] , prolonged warming trends [48], 
and the development and progression of the European drought along the season driven 
by large-scale mechanisms [49]. Due to the climatic dipole in 2018, southern Europe was 
less affected by the drought, even experienced the wettest spring and summer [43,50]and 
even a flooding in Spain and Greece [48]. 
Estimated ET anomalies showed large spatio-temporal variability across climatic re-
gions and ecosystems, with ET substantially differing depending on climatic drivers (i.e., 
drought vs. non-drought conditions) and ecosystem types [3,4]. In central, northern, east-
ern, and western Europe, the ET onset emerged one to four months later than the com-
bined heatwave and drought (c.f. Figure 4e,f). A previous study found that soil drought 
had a delayed effect on green water (water in the root zone) than on blue water (runoff) 
availability [15], and indicates that a reduction in ET occurred several months after the 
drought onset, while decreases in runoff happened shortly after the drought onset [15]. 
This is consistent with our finding that ET was reduced mostly in the summer months 
than in early 2018, due to the onset of the combined drought and the heatwave starting in 
April and May. In opposite, the onset of ET emerged one to four months earlier in the 
South-West and southern Europe than the onset of the drought and heatwave (c.f. Figure 
4e,f), particularly in the Iberian Peninsula. This region is dominated by vegetation adapted 
to the Mediterranean's water-limited ecosystems and can better cope with drought than 
vegetation less adapted to droughts in northern Europe temperature-limited ecosystems 
[7,43]. However, the earlier onset of the ET anomaly is caused by an earlier drought that 
occurred in Italy in 2017 [51] and was not covered by our data series spanning only April 
to September 2018. In addition, ET intensities indicated that areas in northern Europe were 
more affected than southern Europe (Figures 2 and 4), which is coherent with the observed 
regional dipole pattern where the northern region of the Alps is warm and dry, and the 
southern regions are cold and wet [43]. Our results indicated that the intensity of ecosys-
tem ET was mostly reduced in the areas with extreme intensities of Tsa and P anomalies in 
central, northern, eastern, and western Europe (i.e., ET was reduced up to 50%).  
Concerning differences in regions and vegetation types, especially regions 3 in west-
ern Europe, 4 in central Europe, 5 in eastern Europe, and 6 in northern Europe were af-
fected by extreme and long Tsa and P anomalies and showed a strong reduction in ET for 
all vegetation types between June and September. In opposite, regions 1 and 2 showed an 
increased ET for all vegetation types compared to the reference period. In the drought-
affected regions (i.e., 3–6), particularly NIA, MNV, and AG showed larger reductions in 
ET (Figure 6). In fact, a recent study reported that pasture and arable lands were more 
sensitive than other ecosystems to the 2018 drought [43], and also grasslands, even at high 
elevation, were affected by the 2018 drought [6]. This is in agreement with our observation 
of large ET reductions in AG in many regions affected by the event. Furthermore, we 
found ET in MNV to be largely affected, which coincides with recent a study stating that 
forests in Austria, Germany, and Switzerland were severely affected by the 2018 European 
drought [5]. Our results show similar changes in monthly anomalies between ET together 
with Tsa and P for different regions. This indicates a close mechanistic interlink between 
ET as response variable [26] and Tsa and P as drivers [19,20,22–24]. Since other important 
abiotic drivers besides P and Tsa determine ET [26–28,52], the interpretation of such inter-
relations remains challenging but is essential for a sustainable and adaptive ecosystems 
management under climate change.  
4.2. Reliability of this Study 
Although our approach provides reliable and insightful information to assess ET dy-
namics under extreme climate events, we could only investigate potential rather than ac-
tual ET. In the absence of global observations directly connected to the process of photo-
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synthesis at adequate spatial sampling distance (i.e., in the order of a few hundred me-
ters), we used a quality product based on vegetation greenness indicative for potential ET. 
The severity of the drought impact enabled a reliable assessment, but subtle and early pre-
visible drought responses cannot be investigated. The onset, length, and intensities of me-
teorological variables (Figure 2) illustrated characteristics of the drought and heatwave in 
2018 and supported further analysis to interpret ET anomalies (Figure 3) across climate 
regions (Figure 4), and vegetation types (Figure 6). 
Further, possible phenological shifts in ET and meteorological drivers during ex-
treme events can impact the assessment and needs further considerations with longer time 
series and possibly better temporal resolution. It is also suggested to extend our analysis 
with additional context information to account for complex hydrological mechanisms spe-
cific for various catchments and ecosystems (e.g., topography [6]). Our analysis is limited 
in this sense and future research is required to reveal robust ecosystems specific interlink 
between ET and determinants of drought and heatwave (i.e., Tsa and P). Additional effects 
of used data might further compromise the representativeness of our results, i.e., inher-
ently limited sensitivity to ecosystems specific processes due to the specific remote sens-
ing perspective that only observes the outer canopy at a coarse spatial resolution [53]. 
5. Conclusions 
From our results we conclude that the combined drought and heatwave in Europe in 
2018 severely affected the functioning of ecosystems and caused substantial variations of 
related energy and water fluxes with a seasonally aggregated ET anomalies of up to −400 
mm (or −50%) in central Europe. We observed correspondence of spatio-temporal inten-
sity patterns between the extreme event and ET, but also found a time delay of one to four 
months between the occurrence of the extreme event and the onset of the ET anomaly, 
particularly in central, northern, eastern, and western Europe. This time delay coincided 
with a different duration of a negative ET anomalies (three to seven months) compared to 
the duration of the extreme event.  
The severity of the investigated drought allowed assessing related ET dynamics with 
common observational approaches sensitive for potential rather than actual ET. We sug-
gest implementing approaches that allow assessing actual ET rates and partitioning ET 
into the component fluxes of transpiration and evaporation for further precise assessment 
of the impact of drought on ET. Such strategies will allow to investigate more sudden 
ecosystem responses to environmental stress and to disentangle varying interwoven pro-
cesses that were bulky assessed in this study, and thus advance understanding on com-
plex climate-ecosystem feedbacks on ET. 
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